Abstract-Airflow monitoring is an effective way to diagnose sleep disorders that are caused by complete or partial cessation of breathing during sleep. For monitoring airflow, a piezoelectric membrane sensor, consisting of a stainless steel foil, a piezoelectric ceramic film and a top electrode, has been developed using a sol-gel spray technique. This sensor has worked as a unimorph-type bending sensor, which could be attached beneath the nose and/or above the mouth using a clip or tape for monitoring breathing. A mathematical model for the sensor output with respect to the airflow speed has been developed using piezoelectric theory and Bernoulli's law. In addition, a respiration simulator system has been constructed in order to study the sensor response under different airflow conditions such as cycle, volume and temperature. Experimental results with the simulator showed that the sensor output voltage due to piezoelectric effect was proportional to the square of the airflow speed, which agrees with the mathematical model developed, under the experimental conditions employed. A calibration curve was obtained experimentally, which enables measurement of airflow variations quantitatively using the output voltage measured.
INTRODUCTION
Monitoring of breathing conditions during sleeping is one of crucial information for appropriate diagnosis of sleep disorders [1] . Polysomnography in a sleep laboratory is the standard technique for such diagnosis, but the test is expensive and not widely available [2] . Currently a few home devices are commercially available which monitor breathing patterns by measuring temperature variations of breath caused by exhalation and inhalation [3] . However, these devices are not able to provide quantitative information such as airflow rate which is necessary for detailed diagnosis of sleep disorders. Development of low-cost sensors and techniques that can quantitatively monitor breathing for home-based sleep study is desirable for early detection of the symptoms.
We have developed piezoelectric flexible transducers, consisting of a metallic membrane substrate, a thick piezoelectric ceramic film and a top electrode [4] . Due to the porosity inside the film and the thin substrate, the sensor has high flexibility. The transducer can be used as an ultrasonic probe and unimorph-type bending sensor which could be applied in various kinds of industrial applications such as nondestructive testing, medical diagnosis and physiological monitoring [4, 5] .
In this study, feasibility of the piezoelectric unimorph sensor for quantitative airflow monitoring has been investigated. A mathematical model for the sensor output with respect to the airflow speed has been developed. Furthermore, the piezoelectric membrane sensor and respiration simulation system have been designed and constructed. The respiration simulator enables us to investigate the sensor response caused by air pressure due to piezoelectric effect and that by temperature variation due to pyroelectric effect separately. The sensor response to different airflow conditions such as cycle, volume and temperature is discussed using the simulator developed.
II. MATHEMATICAL MODEL
A configuration of the piezoelectric unimorph bending sensor for flow monitoring is illustrated in Fig. 1 . One end of the sensor is fixed and the other end is free to move. When the force (F) normal to the sensor surface is applied at the free end of the sensor, the sensor deflects. This deflection induces stress in the piezoelectric film, resulting in the output voltage (V O ) from the sensor due to the piezoelectric effect. When there is no temperature variation, V O can be expressed by the following equation [6] :
where A = E m /E p , B = t m /t p , E m and E p are the Young's modulus of the substrate and the piezoelectric film, respectively, t m and t p are their thickness, L is the length of the free area of the sensor between the fixed point and the tip, s 11 p is the elastic compliance and d 31 is the transverse piezoelectric coefficient of the piezoelectric film.
For airflow monitoring, the applied force F is caused by the airflow pressure normal to the sensor surface. Assuming that compression of air is negligible in our experiments, the relationship between the airflow speed v f and the F can be obtained from (2) and (3) using Bernoulli's theorem [7] :
where ∆ P is the pressure difference between the front and back surfaces of the sensor induced by the airflow, ρ is the air density and S is the area of the sensor where the airflow is applied. From (1)-(3), the V O can be written as:
Equation (4) III. SENSOR DEVELOPMENT Fig. 3 presents a photograph of the piezoelectric unimorph bending sensor developed for airflow monitoring. The sensor consisted of a stainless steel (SS) foil substrate, piezoelectric ceramic film, top electrode and protection film. The lead zirconate titanate composite piezoelectric film was fabricated onto the 40-μm thick SS foil using a sol-gel spray technique [4] . The thickness of the piezoelectric film was 60 μ m. The top electrode was constructed using a silver paste. The SS foil served as a bottom electrode as well as the substrate. The dimension of the active transducer area was 4 mm by 20 mm. The sensor was cover with a polymeric film that protected the sensor from the moisture and scratch. This sensor could be attached beneath the nose and/or above the mouth using a clip or adhesive tape for breath monitoring. IV. RESPIRATION SIMULATOR SYSTEM A respiration simulator system has been developed in order to investigate the piezoelectric sensor response to the airflow variations due to breathing, under different airflow conditions such as cycle, volume and temperature. A block diagram of the simulator system is presented in Fig. 3 . A piston pump (syringe) having a volume of 500 ml was used to simulate inhalation and exhalation. The airflow volume was controlled by the amount of the piston stroke. The piston was moved back and forth by a hand at the cycle synchronized with an alarm sound from a timing clock. For experiments to study temperature effect on the sensor response, the pump was covered by an electric heater to warm up the air in the pump. The airflow produced by the pump passed through the airflow chamber where the piezoelectric sensor was installed as shown in Fig. 3 . The airflow chamber was made of a rectangular-shape acrylic tube having the length of 100 mm and the wall thickness of 2 mm with the internal cross-sectional area of 242 mm 2 (22 mm by 11 mm). A slit was made through the tube where the sensor was inserted. The fixed end of the sensor was held in the tube using an adhesive tape. This ensured that one end of the sensor was fixed during breathing simulation, while the other end was free inside the chamber. The sensor could be mounted on the airflow chamber in the following two ways: the sensor surface is normal to the airflow in order to have the air pressure response of the sensor due to piezoelectric effect; and parallel to the airflow to eliminate the pressure response and to have solely temperature response due to pyroelectric effect.
The temperature around the sensor increases when heated air flows into the air chamber from the piston pump while it decreases when cooler room-temperature air flows into the chamber by pulling the piston. A temperature probe was attached between the electric heater and the pump for controlling the airflow temperature. In addition, another temperature probe was placed beside the piezoelectric sensor inside the chamber for measuring airflow temperature. The other end of the airflow chamber was connected to a spirometer (Model SPR-BTA, Vernier, USA) so that the flow rate was measured simultaneously. The flow speed around the piezoelectric sensor was calculated by dividing the measured flow rate with the cross-sectional area of the airflow chamber. A charge amplifier (Model 2635, Brüel & Kjaer, Denmark) was used to amplify electric charge signals from the piezoelectric sensor. The sensor output signal, flow rate and temperatures were acquired simultaneously using a multiple-channel analogdigital (A/D) convertor with a sampling rate of 100 Hz and stored in a personal computer for data analysis.
V. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Pressure Response
In order to investigate the relationship between the sensor output and airflow speed, the sensor was installed in the air chamber, in the simulator in Fig. 3 , in such a way that the airflow was perpendicular to the sensor surface. Two sets of experiments were conducted: by changing the airflow volume per pumping from 100 ml to 500 ml in increments of 100 ml at a constant pumping cycle of 30 cycles per minute (cpm); and by changing the pumping cycle from 15 cpm to 75 cpm in increments of 15 cpm at the constant pumping volume of 500 ml. The electric heater was off, thus the air temperature was kept constant at the room temperature during these experiments. The results of the measured output voltage of the sensor and flow speed at the pumping cycle of 30 cpm with the volume of 500 ml are presented in Figs. 4 (a) and (b), respectively. The output voltage changed according to the flow speed variation. It is noted that rapid variations, observed at the peak and valley of the curves of the output voltage and flow speed, were due to that the piston did not move smoothly sometimes. The piston movement accuracy could be improved by using a mechanical translation stage with an electric motor. Fig.5 were adjusted to the same gain value. Under the experimental conditions employed, the results with different pumping volumes fell onto the same curve, as seen in Fig. 5 . The strength of the output signal increased when the airflow speed increased. Experiments at different pumping cycles with fixed volume of 500 ml also showed the same result. The solid line in Fig.5 is the secondorder polynomial fitting curve obtained for the experimental results measured with the volume of 500 ml at 30 cpm (the square symbols in Fig 5) . The fitting curve is expressed by the following equations:
It is shown in (5) that the V O is proportional to the v f 2 , as derived in (4), though there are slight offset values both on the V O and v f . This fitting curve could be used as a calibration curve to determine the flow speed from the output voltage measured. The offset values mean that there was the sensor output (V O ≈ −0.1 V) even when v f was zero. A reason for these offset values is currently not well understood and needs to be investigated further. They could be caused by the distance between the piezoelectric sensor and the spirometer in the simulator, which might result in the time delay between the two measurements. It is also noted in (5) that the magnitude of the second order coefficient (0.10) for the positive flow was different from that (0.16) for the negative flow. This is probably due to the fact that the sensor was slightly curved towards the SS substrate at the neutral condition (i.e. no airflow) because of residual stress inside the piezoelectric film and asymmetrical structure of the unimorph sensor. 
B. Temperature Response
To understand temperature response of the piezoelectric sensor due to pyroelectric effect, the sensor was installed in the air chamber in such a way that the airflow was parallel to the sensor surface so that airflow pressure effect was ignored. The electric heater was applied, in order to simulate air temperature variations due to inhalation and exhalation. The experiments were carried out by changing the airflow volume from 100 ml to 500 ml in increments of 200 ml at the fixed pumping cycle of 30 cpm using the simulator in Fig. 3 .
The results of measured output voltage, temperature and flow speed with respect to the measurement time for the pumping volume of 500 ml are presented in Figs. 6 (a), (b) and (c), respectively. One can see that the temperature increased when the piston was pushed during which the flow speed was positive, while the temperature decreased when the piston was pulled during which the flow speed was negative. Consequently, the output voltage changed according to the temperature variations due to pyroelectric effect. Such pyroelectric effect with the unimorph structure could also induce deflection of the sensor [8] , which could generate the secondary piezoelectric effect contributing to the total output voltage measured.
In order to study the relationship between the measured output voltage and flow speed, data acquired for 4 seconds (2 pumping cycles) for each volume are plotted in Fig. 7 . It is shown that the output voltage depended not only on the flow speed but also on the pumping volume. In addition, experiments with different pumping cycles but fixed volume showed that the output voltage also depended on the pumping cycle (the data are not shown here). Therefore, it could be difficult to determine flow speed accurately from measured output voltage of the sensor generated by air temperature variations. The sensor output signals due to changes in air temperature could be used to qualitatively monitor presence or absence of breathing. 
VI. CONCLUDING REMARKS
A piezoelectric membrane sensor, consisting of a stainless steel foil, a piezoelectric ceramic film and a top electrode, has been developed using a sol-gel spray technique. This sensor has worked as a unimorph-type bending sensor, which could be attached beneath the nose and/or above the mouth using a clip or adhesive tape for monitoring breathing. In addition, a respiration simulator system has been developed in order to study the sensor response under different airflow conditions such as cycle, volume and temperature. The simulator was capable of isolating the pressure and temperature responses of the sensor so that these responses can be studied independently.
Experimental results with the simulator showed that the sensor output voltage due to piezoelectric effect was proportional to the square of the airflow speed, which agreed with the mathematical model developed using piezoelectric theory and Bernoulli's law, under the experimental conditions employed. A calibration curve obtained experimentally enables the measurement of airflow variations quantitatively using the output voltage measured. It is also shown that the output voltage from piezoelectric unimorph sensor was induced by the variations of airflow speed and temperature. Since actual human breathing would cause the variations both in airflow speed and temperature, it would be crucial to separate pyroelectric and piezoelectric effects of the sensor, in order to utilize air pressure for quantitative airflow monitoring. The sensor output signals due to changes in air temperature could be used to qualitatively monitor presence or absence of breathing. 
